New experimental tools capable of probing the three-dimensional organization of eukaryotic genomes with an unprecedented level of detail have been developed in the last few years. In the quest for a quantitative understanding of experimental results, several polymer models for chromatin organization were introduced and critically evaluated. In the present article, I give a brief introduction to the physical basis of chromosome organization, and recall the experimental evidence in favour of the importance of topological constraints for the description of chromosome conformations in eukaryotes.
have shown that chromosomes occupy definite nuclear positions, called chromosome territories [4] of typical diameter (in human cells) ∼1 μm. Furthermore, it was shown that the position of territories inside the nucleus is non-random [7] , and that they correlate with fundamental processes during gene expression and gene regulation. At the same time, many alterations from the 'normal' organization were shown to correlate with important pathologies, including cancer [8] . It is then an intriguing question to ask how the chromatin fibre is folded over length scales ranging from the 30-nm fibre up to the linear scale of a territory.
Polymer modelling of chromosome organization
In an effort to understand this fundamental problem, theoretical concepts borrowed from generic polymer physics might prove useful. We have already appreciated the flavour of it in the previous section. In this section, I present a more systematic approach to the problem. More precisely, since chromosomes are constituted by linear chromatin fibres which are much longer than the size of the nucleus, a suitable starting point for the description of the genome physical behaviour is the analogy with a dense solution (or a melt) of linear polymer chains [9] . But is such an analogy viable?
While being an intriguing question, the possibility of deducing essential properties of the large-scale chromosome organization and dynamics from the mere fact that they are organized as extremely long linear filaments looks to be an apparently prohibitive task. In general, given the complexity of chromatin on the molecular scale, it is far from obvious that polymer physics has relevant qualitative or even quantitative insights to offer.
Let me start by reviewing briefly some salient properties of the physical description of a polymer chain. In the WLC (worm-like chain) model for semi-flexible polymers [10] , Everaers [17] Different colours correspond to different species: yeast (brown, experimental data from [3] ), fruitfly (green, experimental data from [35] ) and humans (blue and cyan, experimental data from [11] ). The continuous black line shows the theoretical prediction for a WLC model with the same stiffness parameter of the chromatin fibre. Reported differences across the species are discussed in detail in [17] : whereas yeast chromosomes are short enough to mix and equilibrate (and hence they are well described by the WLC model), fruitfly and human chromosomes never equilibrate. In particular, fruitfly chromosomes assume an elongated conformation known as Rabl phase [1] .
chains are described by their contour length, L, and their Kuhn length, l k , as a measure of the chain stiffness. For contour lengths L l k , thermal fluctuations have little effect, and the chains are effectively rigid with mean square end-to-
For L l k , equilibrated linear chains exhibit random coil statistics with <R 2 (L)> = Ll k . As briefly discussed in the Introduction, for typical human chromosomes with L of ∼1 mm and l k of ∼300 nm [3] , <R 2 (L)> 1/2 ≈ 17 μm, which is much larger than the typically observed size of a chromosome territory. Reasonably, then, we should expect to observe 'unusual' polymer physics from the study of chromosome behaviour, in particular chromatin fibres inside the nucleus would probably not behave as standard equilibrated polymer chains.
In 1995, Sachs et al. [11] made an important contribution by determining experimental values for <R 2 (L)> between FISH-marked loci on human chromosome 4 ( Figure 1 , blue and cyan symbols). Their main conclusion was that chromosomes consist of flexible loops of ∼3×10 6 bp attached to a random-walk-like protein scaffold. This randomwalk/giant-loop model was able to describe chromatin compaction observed at large scales, and deviations from the classical random-walk behaviour described above. Nevertheless, because of the random-walk nature of the scaffold, this model still predicts that the large-scale behaviour of chromosomes should be as
However, a few years later, Münkel and Langowski [12] re-analysed more carefully the data of Sachs et al. [11] and concluded that they are better described by the more compact power-law behaviour Figure 1 ). They elaborated further a coarse-grained polymer model, where the chromatin fibre folds as 'loops on a chain' inside a spherical cage, the contour length of each loop being ∼1.2×10 5 bp. By performing Brownian dynamics, numerical simulations of this model they found good agreement with the experimental data.
Several other polymer models [13] [14] [15] have re-elaborated the idea that chromosomes fold because of looping between distant sites along the chromatin fibre. Also, in the light of recent experimental observations [16] , the presence of looping interactions between chromatin fibres appears to be generally accepted.
However, we claim that territories should form even in the absence of such interactions. At most, loops could thus stabilize territories without being at their origin. To prove this claim, we rely on a minimal polymer model [17] . This model is built upon rather simple considerations.
During a cell's lifetime, chromatin is highly dynamic [1] . One of the most spectacular of these dynamic activities concerns the cell cycle, when the genome is periodically (∼24 h in most animal cells [1] ) replicated in order to transmit the same amount of genomic content to two daughter cells. This important task is accomplished through the regular alternation of the phase of chromosome condensation (mitosis) followed by the phase of normal cell activity (interphase), where chromosomes swell inside the nucleus and form territories.
Given the aforementioned string-like nature of the chromatin fibre, one may wonder about the role of topological constraints. In fact, how is it possible that entanglements do not seem to slow down or impede the conformational changes of chromosomes during the cell cycle, even though they are known to dominate the viscoelastic behaviour of polymer solutions and melts [10] ? Albeit seemingly quite paradoxical, I show now that this observation leads to a simple physical model of chromosome organization.
In 1993, Grosberg et al. [18] were the first to argue that, because of topological constraints, chromosomal DNA has to exist in an out-of-equilibrium long-lived state, which they called 'crumpled globule'. The main difference between a crumpled globule and the common 'equilibrium globule', is that, in the former case, the average size of a subchain of contour length L grows as ∼L 1/3 (i.e. the crumpled globule is a space-filling fractal [18] ), whereas, in the latter case, it grows as ∼L 1/2. Most importantly, the crumpled globule is almost knot-free (which is not the case for an equilibrium globule [19] ), which prevents the kind of problems mentioned in the paragraph above.
In 2008, we gave [17] a computational proof supporting the aforementioned chromosome fractal organization. In particular, we argued that the formation of the threedimensional organization of chromatin inside the nuclei of eukaryotic cells "could be related to a different, less wellknown effect, the segregation of unentangled ring polymers in concentrated solutions due to topological barriers". In the following, I discuss in some detail how this, apparently simple, mechanism accounts for a quantitative description of chromatin during interphase.
In equilibrated systems, topological constraints have no effect on the conformational statistics of linear chains, but they do affect the dynamics of chains which are longer than a characteristic length scale, the so called entanglement length, L e . According to the Edwards-De Gennes reptation theory [10, 20] , chains are transiently confined to a tube-like region in space following their coarse-grain contour (or 'primitive path') with a diameter ∼<R 2 (L e )> 1/2 [10] . Estimating L e is, in general, not simple, since it depends on chain stiffness and on the contour length density of polymer solution [21] . By expressing the latter quantity in terms of the density of Kuhn segments, ρ K , the entanglement length can be found according to eqn (1) [21] :
For typical nuclear chromatin densities, ρ ≈ 0.011 bp/nm 3 and Kuhn length, l k = 300 nm, eqn (1) The characteristic time scale for the onset of entanglement effects, τ e , ∼32 s, can also be estimated from experimental data. Cabal et al. [22] tracked the diffusion of a FISH-labelled site and their data are compatible with the characteristic slowing down of the polymer motion on the scale of the tube diameter [17] . Thus polymer chains are expected to relax via reptation [20] on a time scale, τ d = Z
3 τ e . In particular, it would take centuries in order to equilibrate human chromosomes [17] . We believe that it is this sharp separation of time scales which ultimately leads to the formation of chromosome territories and hence to the crumpled-like organization of chromatin in nuclei.
To quantify this effect, we performed molecular dynamics simulations of a minimal polymer model of decondensing chromosomes, which accounts for the linear connectivity, self-avoidance and bending stiffness of the chromatin fibre. The model allows for parameter-free quantitative description of available experimental data [17, 23] . Figure 1 compares average square spatial distances between chromatin loci from theoretical predictions (continuous coloured lines) and FISH experiments (symbols) for yeast, fruitfly and human chromosomes. In particular, we observe the
behaviour predicted theoretically. This behaviour is significantly different from the behaviour of a polymer chain at equilibrium (continuous black line). Figure 2 compares contact frequencies between chromatin loci from theoretical predictions (continuous coloured lines) to 3C and Hi-C experiments (symbols) for yeast and human chromosomes.
In particular, we observe the ∼1/L large-scale behaviour reported for the first time in the seminal 2009 experimental paper by Lieberman-Aiden et al. [6] . This behaviour is Rosa and Everaers [17, 23] The continuous black line is the corresponding theoretical prediction for a WLC model according to the analytical formula by Shimada and
Yamakawa [36] . The colour code is the same as in Figure 1 . In agreement with the observed equilibration of yeast chromosomes (see the legend to Figure 1 and [17] ), the large-scale behaviour of the corresponding contact frequencies is well described by the WLC model. In humans, we reproduce the experimentally reported [6] ∼1/L behaviour instead. A theoretical explanation of this result formulated in terms of a scaling theory is given in [23] . The discrepancy between theory and experiment observed at short (<50 kb) length scales in yeast can be accounted for by a more sophisticated version of our polymer model (see [23] for details).
in sharp contrast with the expected power-law behaviour ∼1/L 3/2 for polymer chains at equilibrium (continuous black line).
Remarkably, deviations from the WLC model start to appear at the predicted linear scale of ∼10 5 bp, which can then be interpreted as a signature of entanglement effects [17] .
To summarize, we propose that the large-scale structure and dynamics of interphase chromosomes can be simply understood in terms of a generic polymer model. Of course, the model is over-simplified in many aspects: for instance, the high heterogeneity of the chromatin fibre and sequence-specific effects do also play an important role in chromosome organization [4, 7] . Nevertheless, we stress that our 'minimal' approach might pave the way for a systematic modelling of interphase chromosomes.
Open problems and future perspectives
Although it is thus not too difficult to identify the relevant length and time scales, the physics behind the large-scale conformational structure of chromosomes turns out to be surprisingly subtle. For these reasons, I wish now to highlight some open problems which I think are worthy of future investigations. This list is not meant to be exhaustive, rather it reflects my personal taste.
(i) The idea that chromosome physics is akin to the physics of unentangled ring polymers in concentrated solution is reminiscent of the question of what are the physics of ring polymers in concentrated solutions? In fact, this issue is still open. At odds with linear polymers which are very well characterized [10, 19] , ring polymers are one of the remaining challenging issues in polymer physics [24] . The main difficulties can be understood from the observation that concepts such as the Flory theorem [19] or the primitive path [10, 19] , which proved to be so useful in the characterization of linear polymers cannot be so easily exported to ring polymers.
For these reasons, the physics of large ring polymers in concentrated solutions is a very active research field which stimulated considerable experimental [25] and theoretical work [26] [27] [28] [29] [30] [31] . Although some aspects of the problem are still debated, I trust that the issue will be fully characterized in the next few years.
(ii) Finally, another intriguing problem is related to chromosome condensation at the beginning of mitosis, and the following elongated shape attained by mitotic chromosomes [1, 32, 33] . Although a few modelling efforts which make use of looping between model chromatin fibres in order to promote condensation have already appeared [34] , the problem remains a puzzling issue.
